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DESIGN OF THE ZT-1 TOROIDAL PINCH EXPERIMENT

by

D. A. Baker, L. C. Burkhardt, R. S, Dike, J. N. Di Marco, P. R. Forman,

A. Haberstich, H. J. Karr, L. W. Mann, J. A, Phillips, and A, E. Schofield

ABSTRACT

Electrical design details are given for a toroidal Z-pinch device named
ZT-1 that uses field programming to achieve a stable, reversed field pinch.
The plasma is formed in a 4-mmp~thick, 10.3-cm-i.d., high-alumina, segmented

ceramic vacuum chamber.

interrupting with a fuse BOO kA in an inductive store.

Voltages as high as 70 kV are routinely attained by

The current is diverted

from the fuse to the primary of a single-turn transformer divided into quadrants.
A total of 280 kV at 200 kA can then be applied to the plasma, which forms the

secondary circuit of the transformer.

This system produzes dB_ /dt's of up to

8 T/us; with modifications to the electrical system, dB./dt's as low as 0.1 T/us are

obtained.
0.2 T/us.

The B, bilas field of up to 0.25 T can be reverced at a rate of up to
Both B, and B_ magnetic field errors are minimized.

The design of the

fuses and magnetic core and the development of a low inductance and resistance

metal-to-metal crowbar are described.

1. INTRODUCTION

Although the early z-pinch results were char-
acterized by short, stable lifetimes and ion temper-
atures of ¥ 100 eV, several recent experiments have
obtained significantly longer stable times and high-
er temperatures. Ohkawa et al! obtained improved
performance in a toroidal Z-pinch erperiment by
programming magnetic fields and reducing magnetic
field errors. Robinson and King? report a prolonged
stable period limited by classical diffusion of
fields for a diffuse 2 pinch. Bobeldijk et al? and
Wilhelm and Zwicker" report lifetimes up to 20 us,
also limited by field diffusion, and temperatures
up to 1000 eV for screw-pinch experiments. Di Marco
and Burkharde® have obtained ion temperatures of
" 500 eV and containment times of v 10 us limited
by end effects in a linear Z pinch.

Numerical calculations of implosion heating®
predict plasma temperatures of several keV for both
© and Z pinches for comparable starting conditions
using field magnitudes readily available in the

laboratory. However, in past experiments, 2 pinches

have not attained temperatures as high as those ob-
This can be attributed to
An important

served with the @ pinch,
differences in starting conditions.
parameter in the implosion-heating process is the

initial rate of rise of the magnetic "piston" driv-

? Using the snowplow model, it can

ing the plasma.
be shown® that the initial acceleration is propor-
tional to (dB/dt)f5 where dB/dt is the rate of
change of magnetic field at the plasma surface and
p is the initial plasma density. Compared to the O
pinches, past Z-pinch experiments did not achieve
comparable 305'uith two exceptions. The first? em-
ployed a discharge volume 1 cm in diameter and 2 com
long, limiting diagnostics severely, The second!®
experienced secondary wall breakdown after pinch
formation.

The ZT-1 toroidal Z-~pinch experiment employs a
magnetic energy storage system and fuse switching
to extend the range of the z-pinch experiment. This
affords a high~voltage source capable of supplying
current at a rate of v 2 x 10*? A/s with peak dis-

charge voltages of v 70 kV per torus quadrant and
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peak curreats of 2 200 kA. With these short cur~
rent and voltage risetimes, the value of 5&5 exceeds
those attained with present O pinches, The voltage
rises to its peak value in % 0.3 us, then falls to a
low value in g 2 us to avoid secondary wall break-
down problems. .

In this report, the design and operation of the
ZT-1 system are described. The torus assembly and
the magnetic energy storage system are discussed in
Sec, II and the field programning and associated
In Sec. IV, the

theory of the fuse switching and inductive storage

electronic circuitry in Sec. III.

behavior is reviewed with results of the analog
field and current flow mapping used in the system
design. The measures taken for correction of mag-
netic field errors are given in Sec. V. The iron
core design and testing procedure are described in
Sec. VI, Spark gap and crowbar test results are

given in Sec. VII.

II, TORUS ASSEMBLY AND MAGNETIC ENERGY STORAGE

SYSTEM

Figures 1 and 2 are isometric sectional draw-
ings of the 2T-1 system. The requirement of very
high current rise (v 2 x 10'? A/s) for the implo-
sion heating has been attained by high=voltage, low-
inductance design and a unique magnetic energy stor-
age and fuse switching system. The toroidal dis-
charge tube is located within a large coaxial "bar-
rel" 244 cm in diameter and 90 cm high. The barrel
is made from 1.87-cm-thick aluminum with reinforcing
ribs to withstand the large magnetic forces. There
is 0,15=cm total thickneas of layered mylar insula-
tion between the coaxial cylinders of the barrel.
This insulation has been tested conservatively at
~ 100 kV. The function of the barrel is to act as
a magnetic energy storage inductor symmetrically
connected to the coaxial cables from the capacitor
bank at the bottom end, and also symmetrically con~
nected to the four fuses and parallel-plate trans-
mission lines to the torus at the upper end. The
storage inductor is formed near the bottom of the
barrel by reducing the radius of the inner coaxial
conductor over an axizl length of ~ 50 cm, An array
of vertical bars, shown in Fig. 1, forms the inner
conductor of this section and is moveable to allow
the radius and, thereby, the storage inductance to

be varied from 5 to 40 nH.

The top of the barrel is contoured to connect
with the four tapered parallel-plate tramsmission
lines. Theae lines connect in turn to the four
fuses, transfer switches, and the four feedpoints
of the torus primary. When the capacitor bank spark
gap switches (see Sec. III) are triggered, current
flows through the barrel, a section of the parallel
plate lines, and the four fuses. As the current
rises, magneti: energy is stored in the inductor.
After ~ 7 ue, the resistance of the fuges increases
by a factor of ~ 100 as they vaporize, and, due to
the circuit inductance, voltages v 5 times the bank
voltage are developed across the fuses. The rise
in voltage causes the transfer spark gap switches
to fire transferring the voltage and current to the
The voltage acr~34 each fuse drives one-

A volt=-

torus,
quarter section of the toroidal discharge.
age as high as 80 kV per quadrant can be developed
with the present system., However, to avoid possible
ingulation breakdown, 60 to 70 kV have been chosen.
This techinique affords very rapid transfer of cur-
rent to the pinch discharge because of the high
voltage and low load inductance. A more detailed
and quantitative analysis of the magnetic energy
storage and fuse switching circuit behavior is

given in Sec, IV,

Simultaneous operation of the fuses and trans-
fer switches in the four quadrants is essential to
produce the same voltage and current characteristics
at the four feedpoints in the torus, 1In the event
of mismatch in fuse operation, current from adjacent
fuses will be diverted to the one having lower volt-
age because of the coupling between fuses by the
contoured sections of the barrel. Questions of si-
multaneity and jitter are considered in more detail
in Sec. IV.

The torus primary, also shown in Fig. 1, is
made of 1.27-cm wall thickness, ll.6~cm bore, alu-
This pri-

mary is assembled in four sections and is split in

minum. The mean major diameter is 76 cm.
the meridian plane for ease of assembly and to pro-
vide an insulated gap around the inner major cir=~
cumference. This inner gap allows rapid penetration
of the toroidal magnetic field irto the torus.

There is a toroidal winding of 66 turns of #8 wire
around each quadrant of the aluminum primary with
the current return through the primary to minimize
field errors, The maximum ﬁz is obtained with two
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Fig. 1. Partislly cut away drawing of the ZT-1 device.

Fig. 2. Partially cut away drawings of the ZT-1 device.
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32-turn coils per quadrant; again all drives are in
parallel,

Since the primary is connected at four feed-
points to the parallel plate transmission lines, the
four primary sections are electrically in parallel;
the secondaries, or plasma discharge, are in series.
The parallel plate lines at the feedpoints are 0.76
m wide with 1.2-mm insulation thickness to provide
low inductance. Because the current flow aloag
these lines is transverse to the torus, magnetic
fields transverse to the dischazge result unless the
current flow pattern is controlled and forced to
have the same azimuthal distribution, ideally, as
thc plasma image current inside the primary. This
is accomplished by inductive cut out sections in the
transmission lines as shown in Fig. 1. In addition,
split copper cylinders are inserted inside the pri-
wary at each feedpoint to divert the residual trans-
verse field, These field correction devices and the
related test measurements are discussed in more de-
tail in Sec. V.

tions introduced by the pump port tubulations is

Also, analysis of field perturba-

given in Sec. V.

The vacuum chamber inside the primary 15 formed
from ninety 10,3-cm~i.d., 4~mm wall thickness ceram-
ic (99.8% purity vitrified Al,0,) sectors.

The ceramic pieces were ground and tapered to
form 4° sectors for the torus. Overlapping step
joints are provided at the edges of the sectors with
a gap at the outer edges fer insertion and scating
Under vacuum, the O-rings com=
This

of Viton O-rings.
press by v 0.5 mm and form a reliable seal.
compression causes the inner lip of the ceramic step
joint to close. The O~ring at the other end of the
joint is shielded from the plasma discharge.
window inserts provide viewing ports for diagnostics

Two 1,2-cm-1i.d, pump-out tubes are

Quartz

in two sectors.
provided at the top and bottom of one sector in esch
guadrant of the assembly. These connect through
flexible beillows to the vacuum manifold. Vacuum of
3 x 107° Torr is obtained with this system using a
260 /s turbomolecular vacuum pump in parallel with
a 500 &/s Vaclon pump.

Close spacing tolerances are maintained to min-

imize inductance. The total gap betwcen the o.d. of
the c:camic and the i.d. of the primary, including

O-ring extension and insulation, {s "\ 2.5 mm.

A laminated magnetic core is inserted in each
quadrant to improve the coupling efficiency of the
primary circuit to the discharge. With the magnetic
core, the magaetization current in the primary cir-
cuit is reduced by more than two orders of magnitude
so that primary current has nearly the sime value as
the current in the plasma discharge. Also, with the
reduced magnetization current flowing on the outside
of the primary, the problem of fleld errors (sece Hec,
V) introduced by this current component becomes min-
imal and only the image current correction need be
considered. The core design is discussed In Sec.

VI.

111. MAGNETIC FIELD PROGRAMMINCG AND THE ELECTRICAL
SYSTEM

A, Stable Field Configurations and Programmed
Field Stabilizaticn

MHD theory shows that there are stable diffusc

z-pinch configurations capable of plasmas of high
BG'S(W 0.5).
must be mer are described in the literature.

The specific stability conditions that

1l=14

The magnetic field and plasma pressure distributions

shown in Fig. 3 form a typical stable configuration.

To reproduce such a theoretical configuration in the

experiment, the fleld programming sequence illustrat-
ed in Fig., 4 1s followed.
fields during the discharge is shown at the top of

The center two curves show the iy and

The radial bebavior of the

the figure.

I, current wave forms. At the bottom of the fipgure,

z
the magnetic field and plasma pressure profiles are
shown at selected times in the discharge. The third

SO TR S —
L]

RADIUS

Examples of magnetic field components and
plasma pressure, as a function of radius
for stable pinch configuration in 2T=1.

Fig. 3.
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‘ig. 3. Schematic summary of the magnetic field
programming sequence required in ZT-1.
Pr;:::mum | Coaxial "barrel” iron bios
a8 bonk
crowbar
torus
Forwerd Reverse
3, bank i 8, bank
J crowbor
4
bark &
crowbars
Fig. 5. Block diagram of the energy stores

assoc lated with the 2T-1 device, namely
the preionization bank and its crowbar,
which takes the plasma from a feeble rf
glow to a plasma about 100% ionized: the
iron bias bank, which returns the iron
to a starting condition allowing the
maximum volt-second flux change of the
iron; the Z bank and its crowbars, which
sets up the main flow of current in the
plasma torus; the forward B, hank, which
sets up the bilas magnetic field along
the major axis of the torus; and the
reverse B, bank,which can be timed

with respect to the 7Z bank.

profile should duplicate a theoretically stable con~
figuration like that in Fig. 3, with the distribu-
tions controlled by the timing and magnitudes of the
toroidal Bz field, reverse BZ field, plasma current,
plasma pressure, and the crowbars which hold or
limit the magnitudes at appropriate values.

At Vv 100 us before the main Z-pinch current is
initiated, a Bz stabilizing field is turned on.
About " 20 us before the main Z pinch,a £ 15-kA pre-
ionization Z current is passed through the filling
gas. The main z-pinch implosion then compresses
the plasma and B, bias field about the axis, heating
the plasma. s
winding is made negative by reversing the voltage

At selected times the Ie in the external

across the coil. This produces a reversed Bz field
outside the pinch column. Finally, at ~ 3 s, the
Ie and IZ currents ar¢ crowbarred. The electrical
system, shown in the block diagram in Fig. 5, com-
prises five capacitor banks and four crowbar devices
used in initiacing and rapid programming of the dis=-
charge.

B. Bz Civcuit

The circuit for producing the toroidal stabiliz-
ing magnetic fields is shown in Fig. 6., This cir-
cult is designed to provide the initial forward Bz
field then reverse the field outside the plasma
after the pinch is initiated. 1In the circuit dia-
gram, the capacitor bank at the left, comprising Ci,
Z2, and Ci, 1is set up as a three-stage Marx circuit
with ignitron switching. This part of the circuit
generates the Initial bias or forward Bz. The effec-
tive bank capacitance is 160 yF with a maximum energy
rating of ~ 72 kJ and a maximum current of " 20 kA

into the load. At maximum cerrent, 5 kA per
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Fig. 6. Schematic electrical diagram of the B,

system used in ZT-1l.



quadrant, a toroidal field of * 6 kG {s produced at
the axis of the torus. The forward Bz current is
more than critically damped and reaches peak in
about 60 us.

The B2 winding has two variations depending up-
on the specified magnitude and rate of change of
the magnetic field. To obtain the maximum magni-
tude of forward and reverse Bz, a 66-turn coil of
#8 wire is placed around each quadrant of the torus
and all four coils are then electrically connected
in parallel.

The rate of change of reverse Bz is increased
by a factor of two with two 32«turn coils of #8
wire around each quadrant. All eipght colils are
then electricallv connected in parallel.

Referring to Fig., 6, the 5-uH and 0.1-Q circuit
elements are cable Inductance and resistance, re-
spectively, and are inserted to limit the current
supplied by the forward Marx when the crowbar, Sw4,
is fired.

roll over the leading edge of the voltage waveform

C, and the 5-Q) resistor are provided to

supplied from the forward Marx and prevent cable
douhling which overstresses Sw4 and causes prefire
protlems.

The reverse Bz circuit Is a two-stage Marx
civcuit with spark gap switches Sw5S, Swh, and Sw7.
The effective bank capacitance is ~ 45 uF with a
maximum rated energy of 36 kJ and a maximum current
of ~ 25 kA into the B, windings. The risetime of
the reverie field is ~ 30 us and the maximum
de/dt 0.1 T/us in a vacuum. The field distortion
spark gap, Sw9, and the explosive switeh, Sw8,
serve as alternative methods of crowbarring the Ez
svstem.

In the orogrammed firing sequence of the By
system, the forward B, system is fired, Swl, Sw2,
and Sw3 followed, at ‘v peak Bz field, by the first

is fired v 0.5

crowbar, Sw4. The pinch current I?

us after Swé and the reverse Bz sy;tem is fired
~ 1 us bafore or after Iz. Finally the second crow-
bar, Sw8 or Sw9, is fired a few bs following the
reverse %z system.

C. Nagnetic Core Back-Bias Circuit

The plasma current, lz. is coupled to the pri-
mary current by nickel-lron magnetic cores; we use
the terms "iron ccres” and "iron" synonymously.

The maximum core cross section that can be accom-

modated in each quadrant is A 0.0425 m?. The

cores are designed to accept a B of 3 x 10'° G/s,
or 300 V/cm?, therefore requiring substantial insu-
lation between both core laminatlions and groups of
laminations. Because of the fnsulation requirements,
a stacking factor of + 0.70 is achleved (or equiva-
lent to about 300 sq cm of iron) with a volt~second
rating of "~ 4.4 x 10~2, To use the iron available
most effectively, the cores can be back-biased to
saturation in the negative direction thus using the
volt~seconds from negative to positive saturation
(v 8.8 x 1077 vs), a factor of two gain,

The circuit used for back biasing the iron is
very simple, Fig. 7, consisting of a capacitor C;,
and four separate {nductors L;, L, Li, and L., each
in series with a loop arouand one core CR;, CR;, Crj,
CRa4.

uH, thas the series inductors determine the current

The inductance of a loop around a core jis v 80
value to first order. The circuit provides for
drives of 0 to » 900 A/m,which allows setting the
reverse hias from 0 to well past saturation. The
period of the blas circeit is v 2.3 x 10-? 5. The
large value of series inductance provides a very
high impedance to the prelonjzation and mailn Z
currents which are coupled to the bias circuit by
the cores. The large inductance also allows only
" 400 V max to be applied to the gas in the torus--
not sufficient for lonization.

D. Prelonization Circuit

The preionization circuit, Fig. 8, is composed

of a "pre-preionization” circuit (Cp, Sw4, and R3)

Trex; bise circuir
C, 370 uf Sav
’hli‘.l Kpaition
930 uH

Liese

Schematic electrical diagram of the irom
biasing circuit in 2T-1.

Fig. 7.
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Fig. 8. Schematic eleitrical diagram of the
preionization capacitor digcharge circuit.

in series with the feed inductance's Ly, L2, La,
Ly, and the torus. This circuit, like the main pre-
ionization circuit, provides ~ 5 kV max to each
quadrant to initiate ionization. The circuit is
heavily damped and has an RC decay of ~ 1 us. Its
purpose is to inttiste breakdown of the gas. With-
cut this low-voltage bank the inherent delay in the
gas breakdown of ~ 1 us would result in rhe total
voltage of the preionization bank being developed
at the torus. Under some conditions of operation
this high voltage would cause the switches in the
miin I, bank to fire.

The main preionization bank C,, and Sw3, charg-
ed up to N 15 kV, supplies sufficient energy to
ionize the gas completely. The voltage divides be-
tween the torus inductance and the feed inductances,
Ly, L2, Ly, and L,. The maximum current is v 20 kA
per quadrant, with a period of v 55 us.

The inductances L3, L2, Lj, and L. include the
coaxial cable from the preionization bank to the
machine and the feed syatem inductance at the ma-
chine. This rather large inductance prevents ex-
cessive current from flowing into the preionization
syatem from the Z bank when it is fired. Swl is a
simple overvoltage gsp set to break down at Vv 20 kV
to protect the prejonizatiou componenta if the
Z bank prefires. Sw2 allows the system to be crow-
barred from the start of preionization current up
to about peak current.

As a general aid in breaking down the gas, an
rf generator at * 29 MHz is coupled into one quad-
rant at the pump-out ports by an electrode inside

a vacuum pump-out port.

E. I, Circuit

The Iz circuit provides the primary current to
the aluminum torus. The iron cores, Sec, VI, pro-
vide essentially unity coupling between primary and
secondary. The difference current during the very
fast risetime of the plasma current in the fuse mode
is only Vv 1.5% of the primary current.

The Iz capacitor bank is a two-stage inverting
Marx circuit of " 4B0~kJ maximum energy storage at
20~kV charge. The Marx circuit output, Fig. 9, is
a dc ground through Ls and L, as are the other Marx
circuits in the system, thus ensuring that the ma-
chine is safe to work on at all times, except during
the firing cycle.

In operation, in the fuse mode, C; and C> are
charged to some voltage V.. When Swl and Sw2 are
fired, -2 V_ 1a applied to the cables feeding the
machine. Current flows through L., made up of
switch, capacitor, and cable inductance, and Ls, the
drum inductance, and the fuse. The maximum current
that can be supplied into a short circuit at the
fuse is v 1.5 MA per quadrant.

The plasma current can be crowbarred by Sw5 to
limit the current to the range of 40 to 200 kA with
i values of 2 x 10'2 A/a.

Another variation of this circuit used in the
experiment ia to put a current limiting series

—<P1 input

Values lobulated aee for sach quadrant

[ acz ~300uF SW, & SW, trigatron spark gap
F fuse SW, Explosive cwbar
Lykp 8Ly ~7mH sach SW, Spork Ga wrowbar

L4 Source inductonce ~19.2 nH

Lg Drum inductance ~35-160 aH

Lg Heoder ond switch inductonce --30 nH
Ly Lood inductance ~60 nH

Lg Crcwbar inductance

Fig. 9. Electrical schematic for ZT-1 inductive
energy storage system.
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resistor (R) in place of Sw3. The current risetime
is now the L/R time constant of the circuit, which
can be v 0.6 ps, and decay time is RC, which is
75 us.

Section IV gives a detailed discussion of the
inductive storage and fuse system.

In che slow mode the fuse is removed and switch
Sw3 is short circuited. When Swl and Sw2 are fired,
C, and C; are discharged in series through Li, Ls,
Ig, and Ly. Primary current of up to 1 MA per quad-
rant can be supplied in this mode.

Sw4 1s an explosive switch used to provide a
metal-to~metal crowbar circuit (see Sec. V).

IV. DESIGN OF THE INDUCTIVE ENERGY STOFAGE SYSTEM
USING EQUIVALENT CIRCUIT COMPUTER CALCULATIONS

The electrical circuit schematic (Fig. 9) and
the physical layout of the discharge circuit are
described in Secs. II and III. The characteristics
of the magnetic energy storage system with fuse
switching have been previously reported.'® This
gection presents the results of numerical calcula-
tions used to predict the operation of the experi-
ment with fuses. Figure 10 presents a simplified
schematic useful in understanding a multiple fuse
system., The extrapolation from the one- to the four-

gL
R2 TRANSFER
SWITCH
L LEXT, JLF, LEXT,
& "
4 2

RR LS LEs BB LS, L
—vp——]

Simplified schematic of multiple-fuse

Fig. 10.
inductive energy storage circuit.

fuse operation introduces the simultaneity question,
Fuse tests show there is an average jitter of 0.2
w with 0.5 us being the maximum deviation. Inas-
much as the half-width of the voltage pulse also is
A~ 0.5 us, such a large }jitter would result in re-
duced electric fields and large nonbaianced currents
in the drim. Hence there must be sufficient mutual
coupling among the fuses to force simultaneonus opera-
tionm.

The equivalent circuit shown in Fig. 12 is used
to analyze a two-fuse coupled circuit rather than
the four-fuse system actually used. Energy storage
occurs in Lo, while coupling between fuses is lim-
ited by L;, L, and R;, R2.
variable resistors RF; and RF;. At a predetermined

The fuses appear as

voltage, the transfer switch is closed and current
is transferred to the Z pinch. Coupling is accom-
plished by a transformer which is assumed to be
ideal. The Z pinch appears as variable inductances
LP; and LP;, whose functional dependences are de-
rived from the snowplow model. An initial Bz hias
field is included in the calculation, subject to
the flux conservation conditions. Plasma pressure
is not included; circuit parameters are calculated
from the dimensions and gecmetry of the experiment.
Experimental values of Li, Lz, and LEXT1, plus
LEXT2, are obtained using analogue measurements.

Figure 11 shows the current flow and magnetic
field lines determined from a resistive analog for
the case of mismatch in the operation of adjacent
fuses. Current is diverted from ane fuse to the
other along the flow lines shown. From such results,
the inductance betwec:n the fuses is calculated to
be 14 nH.

Dynamic resistance of the fuses 1s determined
from published tables/® which give values of resis-
tivity as a function of internal energy up to the
onset of fuse vaporization; beyond this, resistiv-
ity 1s determined from actual measurements.'® The
results are shown in Fig. 12 as plots of fuse re-
sistivity versus internal energy demnsity for copper
foil. A least squares fit over three sections of
the resistivity curve is used to give analytic

expressions for use in the calculations.




Fig. 11.
Resistivity (ohm-m) Internal 1ergy Range
{E 1n Mu/kG)
o= 2.06 x 10" exp 0 ~+0.3
{4.51 x 10~% E)
D= 4,98 x 10~° exp 0.3 + 1,3
(1.61 x 10°° E)
2® 1.7 x 1077 exp 1.3+ 6.0

{0.665 x 10~° E)

To test the applicability of this equivalent cir-
cuit calculation, results of computed and measured
waveforss for current and voltage for the single
fuse case of the earlier linear Z-pinch experiment5
are compared and agree within the experimental ac-
curacy of ~ 10% as shown in Fig. 13. {(In this cal-
culation, L; and R; are made very large so as to
remove the second fuse from the circuit.)

For the toroidal case, the achievement of simi-
lar fuse-voltage characteristics is of primary im-
portance., This is tested using the equivalent cir-
cuit calculations by introducing a timing difference
of approximstely three times the normal jitter be~
tween fuses by using different fuse cross sections
(S; = 35.0 x 107° n® and 52 = 28.6 x 10°7 m?) In
the two legs of the equivalent circuit. Results
calculated using these cross sections with the
single-fuse technique above show that the current
and voltage waveform attain peak values with
v 2=us time difference (Fig. 14). To determine the
effectiveness of coupling of the fuses with this
timing difference, the equivalent circuit calcula-

tions are repeated using the two different fuses

1
“SweeTc PED Laes

Current flow and magnetic field lines for a case of mismatched fuses.

with appropriate values of Ll. L2 and Rl, Rz. Cal-
culations show that the voltage characteristics

coincide within 1% as in Fig. 15.
characteristics cannot be resolved from one another

The two voltage
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Fig. 12.
energy density for copper foil.
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Fig. 13, Comparison of cowputed and measured sum of two voltages.

current and voltasge waveforms for a
single fuse.

is centered and also wrapped around that edge. A
typical foil is copper, 2 x 10~5 m thick, 0.12 m
wide, and 0.15 m long. Connections are made to the
ends of the foil, away from this folded edge, and the
entire foil section is immersed in a sealed pouch

of glass beads 10~%-m diameter. (See Fig., 16.) De-
tails of construction may be found in the annual
report'’? and design considerations in the
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g ;

Perforoted bross
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within the accuracy of this plot. Numercus firings
of the four-fuse system confirm both simultaneity
and reproducibility of the voltage waveform applied
to the plasma.

Physically, the fuses are sheets of plastic,
0.25 m square, 0.02 m thick; along one edge the foil
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Fig. 14. Current and voltage waveforms resulting - ’
from foils of different thicknesses of i
copper. Fig. 16. Photograph of the fuse. f,
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literature.?®?!%+1'3 The fuse package readily
absorbs 21 kJ of emergy without destroying itself,
aund being a sealed unit, may be used in any posi-
tion. This inverting feature can double the energy-
handling capability of this fuae—driven-system.

V. MAGNETIC FIELD ERRORS

In the theory of stable magnetic field configu-
rations for the toroidal pinch, the fields are as-
sumed to have complete toroidal axial symmetry and
to be free from perturbations and nonuniformities.
Even small magnetic field errors may have undesir~
able effects on plasma equilibrium and containment.
This has been observed in Tokamak devices,??’?! the
Stellarator,?? GGA Octupole.23 and the G.A. program-
med pinch device.?"

In the ZT-1 device, tha current through the
parallel plate transmission lines at the torus
feedpoints will produce a significant transverse
field error within the torus in the region of the
feedpoint gap unless corrections to the direction
of curreant flow are made. The current through the
lines can be considered as having two components--
the magnetization current and the plasma image cur-
rent, The magnetization current flows on the outer
surface of the primary and provides the flux change
that generates the toroidal electric field in the
discharge tube. The use of iron cores reduces this
current component to a sufficiently low value so
that the field errors due to this source are very
small. The plasma image current flows on the innmer
surface of the torus primary with an azimuthal dis-
tribution determined by the position of the plasma
column inside the discharge tube. At the feedpoint
gaps, this current must flow out and return along
the parallel plate lines without producing magnetic
field distortions in the region of the plasma. These
distortions will occur unless special precautions
are taken to obtain a radial current flow pattern
in the transition region between primary and paral-
lel plate lines.

4. Calculation of Equilibrium Plasma Image Current
Distribution

The plasma image current density is proportion-
al to the poloidal field at the imner surfacc of the
primary. An axisymmetric toroidal MHD equilibrium
computer code was used to compute the variation in
this surface field for toroidal diffuse pinch

equilibria having hollow pressure profiles and re-
verse toroidal fields outside the pinched plasma.
Sample field and pressure plots for poloidal beta
(ﬂb = average plasma pressure/magnetic pressure due
to the average poloidal field at the wall) of 0.1,
0.4, and 1.0 are shown in Figs. 17a, b, ani ¢, res-
pectively, 1In the figures, the plasma pressgure was
varied to change Bp; all other parameters, including
the shape of the plasma profile (as a function of
poloidal flux), were held constant., In these exam~
ples the ratio of the peak plasma pressure to the
pressure at the magnetic axis was 1.3. The peak of
the poloidal field is held constant in this set of
figures, so the primary change readily apparent in
the poloidal field is the outward radial shift in
the profile. The 6% change in the toroidal field is
the adjustment it makes to maintain pressure balance.

A series of computer runs was made to see how
the plasma profile width (at half-maximum) and Bp
affect the poloidal field at the outer wall. Fig-
ure 18 shows the effect varying BP has on the po~-
loidal field at the wall for a fixed profile width.
One notable feature of these calculations is that,
for a ~iven width of pressure profile, there is a
ﬁp value at which the poloidal field magnitude
along the conducting wall is nearly constant.

The value of the ratio of the maximum to mini-
mum poloidal field along the outer wall of the torus
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Fig. 17(a). Field and pressure plots for 2T-1 for

a poloidal 8 value of 0.1,
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Fig. 17(b). Field and pressure plots for 2T-1 for

a poloidal B value of 0.4.

cross section was used to aid in the feed plate de-

Figure 19 shows both how the ratioc of uv at

varies with mv and width of the

sign.
waua to wu at wsnn
plasma profile. 1In each case, the gemeral shape of

the pressure profile remains the same.

the ratio of plasma peak to plasma value at the mag-
netic axis remained constant, and all the parameters

that determine profile shape were scaled by the
The variation of field ratio with
mv is virtually linear for a given plasma profile

width parameter.

For example,

1.6 : 2.0
1.2f B¢
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¥ .os8F B 3-10 ©
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Fig. 17(c). Field and pressure plots for ZT-1 for

a poloidal 8 value of 1.0.
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width.
the plasma width should be greater than about one~

MHD stability calculations indicate that

half the conducting boundary diameter and that Bp
should be less than 58%.
ditions are well below these critical stability
limits, thus a design which allows poloidal field
variations up to 10% along the minor circumference

Lesirable operating con—

is adequate.

The variation of the magnetic center shift with
Bp and width is shown in Fig. 20. The greatest shift
occurs at high beta and with narrow plasma profiles.
The variation of shift with Bp is approximately
linear for a given width.

B. Measurement and Correction of the Feedpoint
Magnetic Field Error
Two full-gcale mock~ups of the feedpoint sec~

tion were used to determine the traunsverse fleld
error and to test the effectiveness of corrective
measures,

The first mock-up consisted of a parallel plate
transmission line of the same width and length as
those in 2T-1, and two aluminum straight cylindrical
tubes of 1ll-cm i.d. to simulate the torus primary.
Since the above theoretical calculations indicate
a nearly uniform poloidal distribution of toroidal
current for plasma equilibrium, the effects of to-

roidal curvature were neglected. The outer ends of

L ! ] T '
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Magnetic Axis Shift/Minor Radius

004 1

o i L ) 1 i
(4] 0.2 04 06 08 1.0

Magnetic axis shift as a function of

Fig. 20.
plasma profile width and poloidal R.

the cylindrical sections were closed off by metal
plates joined by an axial 1.6~cm-diamecer rod that
simulated the plasma current. The mock-up circuit
was driven by a damped oscillatory discharge

(v 5 kA, 15-us period) connected to the parallel
plates at the pocition of the transfer switch in
ZT7-1.

Measurement of the initial field asymmetry be-
fore modifications was made with a single-turn flux
loop mounted on an v ll-cm-diam cylindrical phe=-
nolic form inside the simulated primary. The loop
was rotated to measure the magnitude and azimuthal
variation of the poloidal field at the feedpoint.
The results, shown in Fig. 21, indicate a transverse
field superimposed on a constant poloidal Be compo-
The magnitude of the field due to “he v 5 kA
axial current at the position of the flux loop was
198 G -~ indicated by the dashed line in the figure,
Superimposed on this is a transverse field error at
A 459 (v 20% of Bg) that adds to the B, component at
© = 0° at the side of the feedpoint nearest the cur-

nent.

rent input, and subtracts at 180° on the opposite
side of the primary. (This field error is of ap-
proximately the same relative magnitude reported
by Kerst et al.2")

Three techniques for eliminating this field
error were tested: (a) a split ring cylindrical
flux divertor inserted inside the simulated primary
across the feedpoint gap, (b) grooved interlocking
flanges in the parallel plate lines coaxial witb the
primary, and (c) current distribution control by

cutting inductive gaps in one of the parallel plates.
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"i{g. 21, Variation of poloidal magnetic field com-
ponent around minor circumference due to
transverse field error. Measurements

made with full-scale mock-up.
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Measurements of the magnetic field were made
with flux loops oriented to measure transverse,
axial, and poloidal field components. Results of
m2asurements of the reduction of the transverse
field error with cylindrical divertors of 4=, 7=, and
15-cm length are shown in Fig. 22. Copper cylinders
of 0.08 cm thickness were used with 0.25-cm-thick in~
sulation to avoid short circuiting the feedpoint
gap.
in each cylinder, necessary in the ZT-1 system to
admit the toroldal stabilizing field. These
cylindrical inserts tend to shield the volume in-

Also, an insulated longitudinal gap was cut

side the feedpoints and divert the transverse field
away from the discharge region. However, the
shielding is limited because there remain flux
paths around the esds of the divertors, and the re-
luctance of the magnetic path is changed signifi-
cantly only by the longer cylinders. The extension
of the transverse field flux lines around the ends
of the divertor cylinders was apparent in measure-
ments with flux loops mounted on a coaxial Lucite
cylinder that was moved along the axial conductor.
The effectiveness of the shielding increased with
divertor length but there was also a corresponding

increase in the system inductance because of the
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Measurements of reduction in transverse
magnetic error field with metal cyclinders
or flux divertors of indicated lengths
inserted across the feedpoint gap of

the mock=-up.

Fig. 22.
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insulation space required. Because of this factor,
the divertors used ultimately in the ZT-1 machine
were limited to v 6~cm long, 11° sectors. From
Fig. 23, these should decrease the transverse error
field by only a factor of v 2 and additional field
corrective measures are needed.

This mock-up was also used to test the effec-
tiveness of reducing the error field by means of

° machined into

circular tongue and groove patterns?
the parallel plate lines concentric with the pri-
mary. Two such tongue and groove sections were ma-
chined into the mock-up header at 21~ and 22-cm
radii with oppositely directed groove depths of
1.25 cm and 1.75 cm.

verse field inside the primary at the feedpoint gap

The reduction of the trans-
was a factor of v 2. Deeper tongue and groove sec—
tions at smaller radii-~nearer the primary--should
be more effective. But because of the difficulties
involved in insulating these areas for ~ 80 kV, this
technique was not used in 2T-1.

The technique of machining slots in one of the
parallel plate transmission lines to control the
current distribution was adopted for the ZT~1
system. The slotted areas are effectively trimmed
inductances which are varied by changing the length
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Fig. 23. Magnitude of transverse magnetic field
error versus length of flux divertor
cylinder inserted at the feedpoint gap

of mock-up.



and width of the holes.
the distribution and size of the slots required was

A first approximation to

obtained using the resistor paper analog method.
The paper was cut to scale to simulate one of the
parallel plate lines and the current flow pattern
traced with probes. Holes were cut in the resistor
paper to force the current distribution, at the
position of the primary to transmission line junc-
tion, to have only a radial component toward the
primary axis, and to have a uniform current density
around the primary circumference.

A second full-scale mock-up of one of the par-
allel plate lines was then constructed with the
slot pattern determined from the resistor paper
analog tests. The mock-up circuit was driven by
a capacitor discharge connected at the position of
the transfer switch. A feedthrough bolt at the
position of the torus axis was used to complete the
circuit. A thin phenolic disk containing magnetic
field probe coils was mounted between the plates
and rotated about the feedthrough bolt. The probe
coils were oriented to measure the azimuthal and
radial field components at the radius of the pri-
mary inner surface. Further modifications of the
slot pattern were made by trial and error until a
uniform azimuthal field distribution with ¥ 2% var-
iation was obtained. The final transmission line
layout is shown in Fig. 24. The plates are held
together by three ingulated through-bolt clamps
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Final pattern of the parallel plate
transmission line section extending from
the fuse to the torus feedpoint showir~
the mounting holes for through=bolt
clamps and the pattern of inductive cut-
outa to control current flow and minirize
transverse magnetic field error.

Fig. 24.

inserted through the counterbored ﬁoles shown in
the figure. The additional three areas cut out of
the plate to control the current distribution are
labeled A, A', and B.

across A and A', as shown, for additional control of

Trimmer bars are inserted

the current flow. Without the cutouts &, A', and
B, the asymmetrical field distribution shown in Fig.
25(a) is obtained. With the holes, A, A', and B
cut out, the field variation shown in Fig. 25(c) is
obtained. The field error is overcompensated so
that the field asymmetry is then reversed with the
higher current density, Jr’ on the side of the pri~
mary opposite the transfer switch position. This
pattern would be used if the plasma equilibrium is
off center by 4 mm as described above—-see Figs. 19
and 20, With the insertion of 7-mm-wide trimmer
bars at 2.5 cm from the ends of caps A and A', the
uniform current distribution shown in Fig. 25(b) was
obtained. This "wniform current" configuration was
assumed in the ZT-1 experiment.
C. Field Errors in Poloidal and Toroidal Field Due
to Pump Port Perturbations

There are two 1.9-cm-diameter pump ports in
each quadrant of the aluminum primary of the ZT-1
device. The holes allow the use of l-cm-i.d. ceram-
ic tubes for evacuation of the discharge tube. The
magnetic field perturbations on the poloidal and
toroidal field components caused by these holes have

been examined numerically.

3 |3 S
¥ -

BATIOOF 8,400/ G(*)

Fig. 25. Azimuthal feed plate field distribution;
undercompenaated (a), overcompensated (c),
and correctly compensated with trimmer
bara (b).
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1. Toroidal Field Perturbations, Since calcu=

lation of field divergence into round holes in the

primary is difficult, the model used for computation
assumed a cylinder the dimensions of the primary
with an azimuthally symmetric cut, 1.9 cm wide,

A 2.85-cm-
diam coaxial center conductor was assumed to simu-
late the plasma pinch. This forced the B= field

taken around the minor circumference.

lines at this radial position to be parallel to the
minor axis. A numerical axially symmetric equilib-
rium code then determined the position of B= field
lines and the strength of the magnetic field. 1In
Fig. 26 the strength of the Bz field is plotted
along a radius in the plane midway in the cut, show-
ing a comparison of calculated and experimental re-
sults obtained with probes. The field drops off as
expected with a 21% reduction at the pump port, r =
5.2 ems  Flux lines v 2.5 mm from the porcelain wall
will intersect the wall at the cut,
would have a smaller effect than the cut assumed in
the calculation, a displacement of é 2 mm is possi-

ble.
2, Poloidal Field Perturbations. The geometry

shown in Fig. 27 was uSed to compute the distortion
The

As a round hole

of the poloidal field by the pump ports.

Bz Pearturbotion

©O=0m0e £ apeEriment
{Pump Port}

-X=x=%-Calculation -{S1ot)

%'0' -o—n—ow*\" 083 4
for X w

ozf N\

(<) ' 2 3 4 5 6 7
Rodusiem)
Fig. 26. Results of computed and measured values

of magnictude of the B, field along a
radius through a pump port.
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(0}

Fig. 27,

dimensions are those of ZT-1 with an inside conduc~
tor that carried a Z current either one-half or
The

model assumed for computation assumes two slots (ome

three-quarters the diameter of the primary.

not shown) that are continuous around the major cir~
cunference and located onthe median plane at the
position of the pump ports. Figure 27a shows the
conductors and Fig. 27b shows the computed poloidal
The maximum deflection of the field

lines at the slot (or pump port) is about 2 mm at

flux lines.

the ceramic wall.

MAGNETIC CORE DESIGN
The use of magnetic cores with toroidal dis-

VL.

charges offers three advantages: (1) reduced ex~
pansive hoop forces on the primary, (2) reduced
field errors at the feedpoints caused by the magne~
tization current which is decressed by > 2 orders
of magnitude with the use of the cores, and (3) more
efficient use of the current since the magnetization
component is decreased.

Four magnetic cores are used in the experiment.
Each core is made up of seventeen 0.44~m-wide tape-
wound sections. The sections have an outer diam-
eter of 0.686 m and inner diameters varying from
0.25 to 0.594 m to accommodate the curvature of the
toroidal discharge tube, The ferromagnetic tape is
made of 50/50 nickel-iron alloy of 0.0254~mm thick~
ness and 12.7-mm width. The stacking factor is o
0.8 and the material resistivity is 45 x 10™° Q-m.

The thin tape is chosen to permit rapid pene-
tration of the magnetic flux into the core with min-
imal applied magnetization current. A typical volt=-
age waveform required for the experiment is shown
in Fig. 28.
induce this voltage is calculated using the satura-

The magnetization current required to

tion wave theory of Wolman and Kaden.?® This ap-
proach was used by Winter, Kuenning, and Bergz7 to
determine the magnetization current necessary to




viv)

Fig. 28. Assumed voltage V per quadrant as

function of time, ¢,

produce given voltage pulses in single magnetic sec-
tions for the Astron device.

To calculate the performance of a combination
of gections having different inner diameters, it is
convenient to calculate first the voltage induced in
a8 single section by a given magnetization current
I{t). The voltage Vn(t) induced in a section of
index n is (in MKS units):

Via),

where w, d, p are the width, thickness, and resis-
tivity of the tape material, S is the stacking fac=
tor, and AB. is the magnetic field change at the

saturation wave front. The value for ¥1n is given
by

Tin ® Tin for r, < Tin ,

LT for rin < T, < Ton®

T ™ Ton for r, > L N

vhere T, is the radius of saturation given by

E
Rk LUK
| 4

and T and T.n 9re the inner and outer radii of the
n-th section, The equations for Vn(t) are summed
over all gections making up a core to give the tctal
induced voltage V(t). The term I(t) is factored out
and the expression solved numerically to give the
magnetization current I(t) for a given voltage V(t).
Figure 29 shows the magnetization current as a fune-
tion of time corresponding to the voltage trace of
Fig. 28 for two values of AB8 determined by the mag-
faitude of the magnetic fleld reversal. The cores
become saturated at 9 or 11 us for the values of
ABs chosen. Before saturation, the magnetization
current remains orders of magnitude below the A 200-
kA plasma current.

From the magnetization current, the interlamin-
The highest value
occurring in the core is shown in Fig. 30 as a func-
tion of time for the two values of ABs. During the

ar voltage is readily calculated.

initial peak, the highest voltage occurs at the in-
ner diameter of the core with a peak value of 1 ¥
which 18 below the 2=V limit set by the manufactur-
er. Near saturation, the highest interlaminar
voltage occurs at the periphery. The large theoret-
ical increase in voltage at full saturation cain-
cides with the steep increase in the magnetization
current and is damped by the finite impedance of the

<
=
) L . 1 L .
0 2 4 6 . )
1{usec)
Fig. 29. Calculated magnecization current 1 as func-

tion of time t for two values of magretic
field reversal AB,.
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energy storage circuit. In operation, no arcing of
the cores has been observed.

METAL-TO-METAL CROWBAR SWITCHES
Low-inductance crowbar switches have been in-
stalled in the four feedplates of 2T-1. The design
of this switch is shown in Fig. 31 and detailed by
Dike and Kewish.?® Characteristics of the switch
include a self-inductance of ~ 3 nH, and & resis~
Time of closure and jitter is

ViI.

tance of v 5 uQ,
~ 11.0 + 0.3 us (where L 0 is defined as the
start of current in the bridgewire of the detona~
tor). Crowbarred currents ranging between 180 and
330 kA show, without burning of the currant contact,
L/R decay times of 1,2 ms. Performance on the ZT-1
experiment is within these electrical parameters,
although complicated by the plaima load.
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Fig. 31.

Partially cut away drawing of explosive
crowbar switch for ZT-1.
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